During prolonged starvation, brain energy re quirements are covered in part by the metabolism of ke tone bodies. It is unknown whether short-term starvation of a few days' duration may lead to reduced brain glucose metabolism due to the change toward ketone body con sumption. In the present study we measured the cerebral metabolism of glucose and ketone bodies in nine healthy volunteers before and after 3.5 days of starvation. Re gional glucose metabolism was measured by dynamic positron emission tomography using [18F]2-fluoro-2deoxy-n-glucose. The mean value of Kj in gray and white matter increased by 12% (p < 0.05), whereas kj, and kj were unchanged compared with control values. Regional glucose metabolism in cortical gray matter was reduced by 26% from 0.294 ± 0.054 to 0.217 ± 0.040 IJ.mol g-I min-I (p < 0.001). White matter glucose metabolism de creased by 27% (p < 0.02). The decrease was uniform in
Under normal physiological conditions, glucose is the only significant energy source of the human brain (Kety, 1957) . Owen et ai. (1967) showed that in obese subjects ketone bodies accounted for �60% of the energy supply to the brain after 5-6 weeks of starvation, thus replacing glucose as the predominant source of energy. Positron emission tomography (PET) studies of glucose metabolism using eSF]2-fluoro-2-deoxY-D-glucose (FDG) in hu mans exposed to 3 weeks of starvation have con firmed the reduction in glucose metabolism by gray and white matter with regional decreases ranging from 24 to 30%. A determination using Fick's principle confirmed the reduction in glucose metabolism yielding a decrease of 24% from 0.307 ± 0.050 to 0.233 ± 0.073 IJ.mol g -I min -I (p < 0.05), whereas CBF did not change (0.57 ± 0.07 vs. 0.57 ± 0.06 ml g-I min -I). The global net uptake of �-hydroxybutyrate increased 13-fold from 0.012 ± 0.024 to 0.155 ± 0.140 IJ.mol g-I min-I (p < 0.05). Net uptake of acetoacetate and net efflux of lactate and pyruvate did not change significantly during starva tion. The present study shows that the human brain adapts to the changes in energy supply as early as 3 days following initiation of starvation, at which time ketone bodies account for approximately one-fourth of the cere bral energy requirements. Key Words: Brain energy re quirements-Ketone bodies-Starvation.
showing a 50% decrease in glucose tracer phosphor ylation and a 54% reduction of glucose utilization (Redies et aI., 1989) . Thus, it seems established that during prolonged starvation in humans, glucose net uptake and utilization are reduced, as well as that ketone bodies supply a large fraction of the brain's energy demand. In contrast to human studies of long-term starvation, animal experiments have es sentially shown no reduction in glucose metabolism as a result of short-term starvation (few days) (Ru derman et aI., 1974; Gjedde and Crone, 1975; Cord dry et aI., 1982; Crane et aI., 1985; Cherel et aI., 1988) . Furthermore, in the rat brain following 2 days of starvation, Hawkins et ai. (1986a) reported a ketone body utilization fraction amounting to only 3-4% of the total fuel requirement in the rat brain.
To establish whether short-term starvation in hu mans might cause reduction of brain glucose metab olism, we investigated the regional glucose metab olism following 3.5 days of starvation using PET.
To check for consistency, simultaneous measure ments of CBF and arteriovenous (A V) differences for glucose with use of the Fick principle were per formed. Also according to Fick's principle, global net brain uptake or efflux of �-hydroxybutyrate (� OHB), acetoacetate (AcAc), free fatty acids (FFAs), lactate, and pyruvate was measured.
MATERIALS AND METHODS
Nine volunteers, three men and six women, median age 22 years (range 20-27 years), all healthy and of normal weight, were studied. One week prior to the study, food consumption was recorded individually. This showed that the subjects' diets were varied and carbohydrate-rich. The study was conducted in accordance with the Helsinki Declaration II. Informed consent was obtained from each subject.
Each subject was studied twice with an interval of 1 week with control and starvation studies in random se quence. On the day of the control study, no food con sumption was allowed apart from a light morning meal at -8 a.m. Following catheterization and a subsequent rest ing period of at least 1 hr, blood samples were drawn for measurement of metabolites and blood gases, and a CBF measurement was performed. Approximately 1 hr later, a dynamic PET study was initiated. Three days prior to the starvation study, each subject began a total fast; only water, coffee, or tea was taken. Additionally, every sub ject received 750 mg KCI three times daily and a vitamin tablet.
Catheters
Small polyethylene catheters were inserted into the ra dial artery and an antecubital vein. With the Seldinger technique, a catheter of 20-cm length was placed in the internal jugular vein by percutaneous puncture 3-4 cm above the clavicle. The catheter was threaded in a retro grade manner until the subject felt discomfort because the tip of the catheter came into contact with the skull at the jugular foramen. The catheter was then retracted a few millimeters. In this way the tip of the catheter was situ ated in or above the superior bulb of the jugular vein. The appropriate location of the tip of the catheter was ensured by the subjects reporting a characteristic sound near the ear following flush of the catheter.
CBF measurements
CBF was determined using the 133Xe intravenous in jection method and 10 stationary detectors (Cerebrograph lOA; Novo, Bagsvrerd, Denmark). Then 500-600 MBq 133Xe dissolved in -2 ml of isotonic saline was infused rapidly through the antecubital catheter, and the catheter was immediately flushed with 10 ml saline. CBF was de termined by the initial slope index of the semilogarithmi cally recorded clearance curves (Olesen et aI., 1971; Obrist et aI., 1975) .
FDG-PET
An individual headholder was made by filling two component plastic foam into a Perspex semi cylinder. The person's head was then placed in the cylinder and kept in the required position until the foam dried. This individual mold was used for both studies, controling the position of the head in the scanner by two laser beams.
J Cereb Blood Flow Metab, Vol. 14, No.1, 1994 We used the Therascan 3128 PET camera (Atomic En ergy Ltd., Canada) in dynamic mode, yielding three con secutive slices of 12-mm thickness with an image plane resolution of 20 mm. Slices were placed 36, 48, and 60 mm above the canthomeatal plane (CM) (a plane through the lateral canthus of the eye and the external opening of the ear). FDG was obtained from Forschungzentrum Jil lich (Jillich, Germany) with a specific activity of 20 GBq/ mg FDG and a radiochemical purity of >96%. Radio chemical purity was tested by the Isotope Pharmacy (Na tional Board of Health, Denmark). After an intravenous bolus injection of 180-190 MBq FDG in 5-10 ml saline, I-ml blood samples were drawn from the radial artery every 1.3 s from time 0 to 50 s, every 10 s from I to 2 min, every 30 s from 2 to 5 min, every min from 5 to 10 min, every second min from 10 to 20 min, and every fifth min from 20 to 45 min. Blood samples were immediately placed on ice and centrifuged. Plasma was taken for counting in a gamma counter (Cobra 5003; Packard In strument, Downers Grove, IL, U.S.A.). Calibration of the PET camera and cross-calibration between the PET camera and the gamma counter were performed at the end of the day.
Twenty-second scans were performed during the first minute, I-min scans during the next 9 min, 2-min scans during the next 10 min, and 5-min scans during the last 25 min, amounting to a total scan time of 45 min. Corrections for deadtime, randoms, scatter, and attenuation were per formed as previously described (Cooke et aI., 1984) . Twenty-four circular regions of interest (ROIs) with a di ameter of 20 mm were placed on the cortical rim of the three slices. An individual ROI template, drawn for each slice, was used to ensure the same position of ROIs in control and starvation study. Two to four ROIs were placed in central gray matter (basal ganglia) at the level of 36 and 48 mm + CM. Six ROIs were placed in periven tricular white matter at the level of 48 and 60 mm + CM. ROls were divided into six groups: frontal cortex, tem poral cortex, parietal cortex, occipital cortex, central gray matter, and white matter. Since preliminary analysis did not show any significant difference between right and left hemispheric values, corresponding left and right ROIs were averaged.
Determination of CMR g lc, transfer coefficients, and lumped constant
Transfer coefficients for FDG [Kj = unidirectional plasma clearance (ml g-I min -I) , k� = fractional brain blo � d clearance (min -I), and kj = fractional phosphor ylatIOn rate of FDG to FDG-6-phosphate (min -I )] were estimated from the time-activity curves in arterial plasma and brain for each individual ROI using the autoradio graphic method adapted for studies in humans (Reivich et aI., 1979) . The dephosphorylation rate of FDG-6phosphate (k4 *) was assumed to be negligible during the observation period of 45 min. Activity in the brain's vas cular compartment was subtracted from total brain activ ity after the plasma volume had been fitted as an addi tional parameter in each region.
CMRglc was calculated from the following equation:
(1) g c -LC (k; + k;) (Huang et aI., 1980) , where Ca is plasma glucose concen tration; LC is the lumped constant, which corrects for differences in glucose and FDG transport and phosphor ylation; and Kf, k�, and k� are the transfer coefficients.
The lumped constant (LC) was experimentally deter mined from the transfer coefficients obtained by dynamic PET by the equation
where k�/k3 is the ratio between the FDG and glucose phosphorylation rates, KflK I is the ratio between FDG and glucose unidirectional clearances, and K* is net clear ance of FDG [= (Kf kn/(k� + km (Kuwabara et al., 1990) . A constant value of 0.22 was chosen for k�/k3 (Di enel et al., 1991) . KflKI was determined in each subject during control and starvation studies by a modification of the double-indicator method using radiolabeled glucose and FDG as test substances (Hasse1balch et al., 1993) .
The mean value for KflK I was 1.480 ± 0.219 during con trol studies and 1.413 ± 0.228 during starvation studies with no significant change between the two situations.
The individual values for KflKI were then used in Eq. 2 for each subject.
Measurement of metabolites in blood
A V differences were measured simultaneously from the radial artery and the internal jugular vein. Plasma glucose was measured with a Beckman Glucose Analyzer (Beckman Instruments, Fullerton, CA, U.S.A.). A V dif ferences for glucose were obtained four times during the study, and mean values were used. Arterial and venous samples for determination of FFAs were withdrawn twice, and samples for AcAc, 13-0HB, lactate, and pyru vate were obtained once. All samples were measured in duplicate, and mean values were used. FF As were ana lyzed as described by Owen et al. (1971) , and AcAc and 13-0HB as described by Williamson et al. (1962) . Lactate and pyruvate concentrations were measured by standard enzymatic techniques. Carbon dioxide tension and pH were measured by an ABL 30 (Radiometer, Danmark).
Statistics
The Wilcoxon matched-pairs statistical test was used for comparing control and starvation values. A p value of <5% was considered significant.
RESULTS
CBF remained unchanged after 3.5 days of star vation (0.57 ± 0.06 ml g-) min -1), despite a signif icant decrease in P aco2 (p < 0.01) ( Table I) . pH decreased from 7.401 ± 0.015 to 7.374 ± 0.009 (p < 0.01), indicating mild ketoacidosis. Mean arterial plasma concentrations, cerebral A V differences, and metabolic rate for brain sub strates are shown in Table 2 . Arterial glucose con centration decreased on average by 36% (p < 0.01), and A V differences for glucose decreased by 26% (p < 0.05) after 3.5 days of starvation. Arterial �-OHB concentration as well as A V differences for �-OHB increased 13-fold (p < 0.01 and p < 0.05). AcAc concentration increased sixfold (p < 0.01) and ar terial concentration of FF As increased twofold (p < 0.05), whereas changes in AcAc and FFA AV dif ferences were not detected. Also, changes in arte rial concentrations and A V differences for pyruvate and lactate were not detectable.
Cerebral metabolic rates for brain substrates changed in accordance with the changes in A V dif ferences, because CBF was similar in both situa tions (Table 2) .
Results from the dynamic PET scanning are shown in Table 3 . After 3.5 days of starvation, all ROls showed tendencies to an increase in Kj, al though it reached the conventional level of statisti cal significance only in the temporal cortex. Taken together, the mean gray matter value of Kj in creased by 12% (p < 0.05). No changes in ki and kj were detectable after 3.5 days of starvation. Like wise, Kj in white matter increased by 12%, whereas ki and kj were unchanged. Although Kj increased, the FDG net clearance from plasma to brain (K*) did not increase significantly. Because the lumped constant remained constant at a value close to 0.7 (Table 3) , the rate of glucose utilization decreased by 26% in gray matter from 0.294 ± 0.054 to 0.217 ± 0.040 !-Lmol g-1 min -1 (p < 0.001) due to the decrease in plasma glucose concentration. The gray matter glucose metabolism was uniformly reduced in all regions studied, the reduction varying from 24% in temporal cortex to 30% in occipital cortex. Likewise, the glucose utilization rate decreased 27% in white matter during starvation (p < 0.02).
DISCUSSION

Glucose metabolism
With use of two independent methods, the present study showed that the glucose consumption of the human brain was reduced to -75% of control values after 3.5 days of starvation. The methods were in good accord: Fick's principle showed a 24% reduction and dynamic PET showed a 26% reduc tion in mean gray matter regions and a 27% reduc tion in white matter. However, both methods have limitations in the estimation of the absolute values for global or regional glucose metabolism. The de termination of global glucose metabolism as mea- sured by Fick's principle is dependent on the \33Xe injection method used in the present study. This method yields values predominated by gray matter and will be overestimating global values (Olesen et aI., 1971; Risberg et aI., 1975) . Likewise, dynamic PET does not estimate gray and white matter glu cose metabolism correctly because of partial vol ume effects. These were considerable in the present study, because the spatial resolution was close to 20 . 20 mm. Therefore, both methods represent val ues from a volume of the brain in which the precise proportions between gray and white matter cannot be determined. No difference was observed with dynamic PET in the relative decrease in glucose metabolism between regions of predominant gray and regions of predominant white matter, so it is unlikely that the partial volume effect would influ ence the measurements to any significant extent. Potential errors in determination of global glucose metabolism using the Fick principle may arise not only from the CBF measurement but also from the AV differences. The AV differences measured in the jugular venous blood are truly representative of the total brain volume; i.e., when multiplied by true average CBF, the result equals the total uptake of the brain. If extracerebral contamination occurred to any significant degree, A V differences would no longer represent only brain volume. Moreover, should the extracerebral contamination change be tween the two situations, the relative decrease in AV differences would be influenced by this change. However, extracerebral contamination in terms of volume is <3% when the catheter is correctly placed in the superior bulb of the jugular vein (Las sen, 1959). Thus, the resulting error is very small even if the extraction of metabolites from extrace rebral tissue differs substantially from that of the brain.
Theoretically, the observed unchanged CBF could result from redistribution of flow in gray and white matter; the weighting of the observed flow toward gray matter values in this case might result in minor changes in true average CBF being unde tected. In addition to being physiologically unlikely, the expected errors are quite small, and conse quently estimation of global glucose metabolism is rather insensitive with regard to CBF redistribu tion.
In conclusion, the two methods are comparable in their estimation of relative changes in glucose metabolism.
In the PET study, Kt increased with decreasing plasma glucose concentration, which could be ex pected from Michaelis-Menten kinetics for facili tated diffusion. However, no significant changes in ki and k! were detected during starvation. The ex act values for ki and k! depend on the Michaelis Menten parameters for transport across the BBB, metabolic trapping of FDG, and the brain glucose concentration (Cb). A constant product of Cb and k! would not be compatible with the results obtained by Fick's principle, which indicated a decrease in the glucose flux through the phosphorylation step (k3Cb). Therefore, Cb and/or the phosphorylation rate decreased during starvation. A constant k! in case of a decrease in Cb or a decreasing k! in case of a constant Cb indicates in both situations that regulatory changes occurred in V max or Km at the hexokinase step or beyond this step in glycolysis. Animal experiments have suggested that increased blood and brain concentrations of 13-0HB may in-hibit glycolysis at the phosphofructokinase step, perhaps due to an increase in brain citrate concen tration because of breakdown of ketone bodies (Ide et aI., 1969; Ruderman et aI., 1974; DeVivo et aI., 1978) . A similar inhibition may have occurred in the present study, in which an increased brain con sumption of ketone bodies was observed.
The determination of ki and k! was subject to a large variation (coefficients of variation ranging from 17 to 43%), whereas Kt was determined with better precision (coefficients of variation ranging from 8 to 13%). These methodological limitations may explain part of the apparent lack of increase in ki and k! in case of a decrease in Cb• Irrespective of this, they do not affect the calculated glucose me tabolism, because most methodological errors lead to changes in ki and k! in the same direction (Hawkins et aI., 1986b) , which tend to level out these errors in the estimation of the net clearance of FDG (K*).
On the basis of the present data, we suggest that the reduction in glucose metabolism seen after a few days of starvation is due to a decrease in the activity of the glycolysis at or beyond the hexoki nase step, whereas the glucose transport across the BBB does not limit the brain glucose metabolism. This conclusion is also in agreement with the find ing that LC did not change during starvation: A de crease in the phosphorylation rate of glucose leads to an increase in the distribution volume of glucose in the brain, but at the same time, the distribution volume of FDG increases, and LC, which corrects for differences in the distribution volumes of FDG and glucose, therefore remains constant.
The LC values in the present study are somewhat higher than the previously published values of 0.52-0.55 (Reivich et aI., 1985; Kuwabara et aI., 1990) due to the use of individually determined values for Kt/KI in Eq. 2. If we used a constant value of 1.1 for Kt/KI as proposed by Kuwabara et ai. (1990) , the mean LC values would have been 0.525 ± 0.058 in the control situation and 0.523 ± 0.069 during starvation, and thus in accordance with their value of 0.55. It is, however, more important to note that regardless of which method was used, LC did not change during starvation; i.e., LC did not influence the relative decrease in glucose metabolism observed in the present study. .
Regional differences in reduction of the gray mat ter glucose metabolism were not observed; the rel atively low spatial resolution of dynamic PET may prohibit the visualization of significant changes in small regions or subgroups of tissue cells. Redies et ai. (1989) used the same method in their study of long-term starvation and did not demonstrate re-gional differences. These studies are at variance with that of Hawkins et aI. (1986a) . With the auto radiographic method, they showed that neocortical regions in the rat brain were able to utilize ketone bodies to a greater extent than mesencephalic struc tures. We determined glucose metabolism in just one large subcortical gray matter region including the basal ganglia, so the discrepancy between ani mal experiments and human PET studies may be due to either species or methodological differences.
Animal experiments have also suggested that af ter a few days of starvation, an increased fraction of the glucose is converted to lactate and pyruvate, which escape the brain without further oxidation (Ruderman et aI., 1974) . This finding has explained the decrease in energy production from glucose in studies in which no decrease in glucose uptake was found (Corddry et aI., 1982; Crane et aI., 1985) . In the present study, no changes in the efflux of lactate and pyruvate were detected. Both the concentra tions and the A V differences for lactate and pyru vate showed large variations. Even a doubling of the lactate efflux would mean that no more than 15% of the glucose uptake during starvation was converted to lactate, and a change in lactate efflux of this size would have been detected. That is, al though we cannot exclude that an increased fraction of glucose was converted to lactate during starva tion, nonoxidative glycolysis did not constitute a major pathway of glucose breakdown. Moreover, in contrast to the animal studies by Crane et aI. (1985) and Corddry et aI. (1982) , we found a significant decrease in net glucose uptake during starvation, and this discrepancy could be due to differences between species.
Ketone body metabolism
The reduction in glucose metabolism is approxi mately half of that observed after prolonged starva tion (Owen et aI., 1967; Redies et aI., 1989) , indi cating that the shift toward ketone body consump tion of the same magnitude as that observed during prolonged starvation may occur gradually. Since a correlation between the arterial level of ketone bod ies and their A V differences has been found in adults starved for 12-16 h (Gottstein et aI., 1971) , it is possible that the lower ketone body metabolism during the first few days of starvation is due to a lower blood level of ketone bodies. In any case, if adaptation should be required for the breakdown of ketone bodies, it occurs already within the first few days of starvation.
The reduction in glucose metabolism would lead to a reduction in A TP production of � 2.7 jJ.mol g -1 min -1, if each mol of glucose were to yield 38 mol J Cereb Blood Flow Me/ab, Vol. 14, No.1, 1994 ATP and the egress of lactate and pyruvate were corrected for. The combined influx of 13-0HB and AcAc during starvation of �O.20 jJ.mol g-1 min-1 would yield 5 jJ.mol A TP g -1 min -I , if it is assumed that 1 moll3-0HB generates 26 mol ATP and 1 mol AcAc generates 23 mol A TP. Because the ATP gain from ketone bodies was greater than the decrease in ATP production from glucose during starvation, the total ATP production seemed increased. Thus, the cerebral A TP state might even be improved during ketone body consumption, as has been reported in an experimental study (De Vivo et aI., 1978) .
